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A novel method for mid-IR laser beam mode cleaning employing hollow core waveguide as a modal
filter element is reported. The influence of the input laser beam quality on fiber optical losses and out-
put beam profile using a hollow core waveguide with 200lm-bore size was investigated. Our results
demonstrate that even when using a laser with a poor spatial profile, there will exist a minimum fiber
length that allows transmission of only the Gaussian-like fundamental waveguide mode from the
fiber, filtering out all the higher order modes. This essentially single mode output is preserved also
when the waveguide is bent to a radius of curvature of 7.5 cm, which demonstrates that laser mode
filtering can be realized even if a curved light path is required.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4930893]
I. INTRODUCTION
There are many applications, such as laser-based welding
and machining,1,2 bio-photonics,3 holography,4 and spectros-
copy5 in which mid-IR laser beams with a clean Gaussian
spatial mode are highly desirable. In any laser beam, several
of the higher order modes can appear to some degree, leading
to a beam profile, which does not have perfect spatial quality.
The most common method for cleaning up mid-IR beams
with poor optical quality is to employ aspheric lens focusing
of the laser beam through a pinhole, followed by collimating
optics, which collect the light passing through the pinhole.6,7
This spatial filtering system may eliminate high-spatial
defects of a focused wave, but has the drawback of being
highly chromatic. Furthermore, a pinhole is susceptible to
misalignment with respect to the laser source, leading to aber-
rations. In addition, if the pinhole is partially obstructed by
dust and contaminations, the optical power is reduced and
aberrations are introduced. Pinhole cleaning requires its re-
moval from the optical system and careful realignment when
it is replaced. Spatial filtering of light beams has been
obtained by using low-refraction-index contrast 3D photonic
crystals.8
In this manuscript, we propose a new method for spatial
laser mid-IR beam cleaning, in which pinholes are replaced
by hollow-core waveguides (HCWs), which act as modal fil-
ters.9 The optical mode of the fiber with the lowest losses is
a hybrid mode characterized by an optical power distribution
that follows the fundamental Gaussian mode. Higher order
modes have larger losses than the fundamental one when
propagating through the fiber. A minimum fiber length will
exist that allows only the fundamental mode transmission
through the fiber. In this manner, the output end of the fiber
appears as a pinhole source of coherent light with an approx-
imate Gaussian intensity distribution. To investigate the
influence of the input laser beam quality on fiber losses and
output beam profile, we analyzed results obtained by
coupling two different lasers emitting at nearly the same
wavelength into a 200 lm-core size HCW. We employed an
external cavity quantum cascade lasers (EC-QCL) with a
nearly Gaussian beam profile and a distributed-feedback
(DFB) QCL source with a low quality beam profile. We
demonstrated that the HCW acts as an efficient, mid-IR spa-
tial modal beam filter and an essentially single-mode output
beam is obtained in both cases, although, as expected, much
higher losses were measured for the DFB QCL source.
II. WAVEGUIDE COUPLING WITH AGAUSSIAN-LIKE
LASER BEAM
HCWs consist of hollow glass capillary tubes with a me-
tallic/dielectric internal reflecting layer.10 The bore size and
launching conditions determine the overall optical losses and
output beam mode quality. HCWs have extremely high cou-
pling efficiency, no back-reflection, and high power handling
capabilities.11–14 The HCWs fabrication process is described
in detail in Ref. 11. In a first step, we investigated the influ-
ence of coupling conditions on the output beam losses and
spatial quality when a Gaussian-like laser beam is coupled
into a HCW. A schematic description of the HCW-based
spatial filtering setup is shown in Fig. 1.
The laser source used was a commercial tunable external
cavity EC-QCL system (Daylight Solutions (DLS)), operat-
ing at k¼ 6.24 lm, with an output power of 80 mW. The
beam exiting from the laser is focused on to the waveguide
entrance by means of a coupling lens (1=200 diameter, focal
length f¼ 50mm, with an anti-reflection coating centered at
6 lm). We employed four different HCWs, having the same
metallic (Ag)/dielectric (AgI) circular cross-section, internal
coatings, and a bore size of d¼ 200 lm, but with four differ-
ent lengths of 12 cm, 15 cm, 50 cm, and 100 cm. The optical
power at the waveguide entrance is measured by means of
infrared pyroelectric detector and the output mode profile in
the far field condition is recorded by using a pyrocamera
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(Pyrocam III, Ophir Spiricon) with pixel sizes of
0.085 0.085mm, mounted at distances 2.0 cm from the
waveguide output. The coupling lens is fixed to an XYZ
translation mount, while the fiber is installed in a mount with
2-angular degrees of freedom, which allows fine tilt adjust-
ments of the HCW entrance with respect to the focused laser
beam. The optimal launching condition was found by maxi-
mizing the output at the fiber exit. The quality of a laser
beam can be expressed in term of its M-squared (M2) factor,
defined as the ratio between the half-angle beam divergence
of the actual laser beam and that of a diffraction-limited
Gaussian beam. Thus, a perfect Gaussian beam has an
M2¼ 1 and smaller values of M2 are physically not feasible.
For non-circularly symmetric beams, the M2 factor can be
defined with respect to two directions orthogonal to each
other and to the beam axis (M2x and M
2
y), by measuring the
half-angle beam divergence of the laser beam in the x (hx)
and y (hy) directions. Thus, we have









where w0,x, w0,y are the beam widths at narrowest point of
the collimated laser beam along x and y directions, respec-
tively. To measure the beam width, we employed the
second-order moment of the beam intensity distribution






























The second-order moments are a measure of the variance of
the image intensity distribution around the origin. For the
evaluation of the moments, we used LabView-based soft-
ware with the origin of the reference system positioned on
the peak intensity of the spatial beam profile. This transfor-
mation makes the moment computation independent of the
position of the beam reference system. By using the pyroca-
mera, we collected the laser output-beam profile at different
distances from the output window and estimated the beam
divergence hx and hy. We calculated the second moment
width of the beam at different positions of the pyro-camera
starting from 4 cm away from the laser source. The spatial
profile of the DLS QCL beam taken 4 cm away from the
laser source is shown in Fig. 2.
The half-angle beam divergences were extracted from
the slope of the linear fit to the moments versus distance, and
w0,x and w0,y from their intercept, both for the x and y direc-
tions. Results are summarized in Table I.
The laser beam exiting from the EC-QCL shows a
nearly Gaussian mode profile, as quantified by the calcula-
tions of M2 values in both directions. As mentioned previ-
ously, when coupling a free-space laser beam into a fiber, an
important parameter is the coupling efficiency, defined as the
fraction of laser power launched into the fiber. The coupling
efficiency can be theoretically estimated via calculation of
the overlap integral between the free-space optical mode at
the fiber entrance and the waveguide modes.16 However, the-
oretical calculations cannot predict how optical misalign-
ments (such as radial misalignment, defocusing and tilt), lens
aberrations, light diffraction, and the quality of the internal
surface of the fiber influence the final coupling efficiency.
Based on the good M2 values for the EC-QCL, we can
assume a pure Gaussian distribution for the beam profile at
FIG. 1. Schematic of the experimental
setup. The laser beam exiting from the
EC-QCL source is focused at the
waveguide entrance by using a cou-
pling lens. The beam profile at the
waveguide exit is acquired by means
of an infrared pyrocamera.
FIG. 2. Two-dimensional far field beam profile of the EC-QCL operating at
k¼ 6.24lm, measured at a distance of 4 cm from the laser source.
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the waveguide entrance, in both orthogonal directions, x and
y to a first approximation. By solving Maxwell’s equations
considering a cylindrical geometry for the hollow-core fiber,
it is feasible to demonstrate that the output beam consists of
hybrid modes HE1m that can be approximated by zero-order
Bessel functions.17 The HE11 mode is the lowest order mode
having a circularly-symmetric, Gaussian spatial profile.
According to these considerations, the coupling efficiencies
gm can be defined for each hybrid mode and the amount of
power collected at the waveguide exit Pm after the propaga-
tion inside the fiber of length L is given by
Pm ¼ gme2amL; (3)
where am is the fiber attenuation coefficient, which strongly
depends on the laser wavelength and the optical properties of
the dielectric and metallic layers deposited inside the
HCW.15,18 The gm coupling coefficient for each hybrid modes
is a function of the ratio of the focused beam waist at the fiber
entrance x0 and the bore radius d/2 of the waveguide and
minimal coupling loss conditions are achieved when 2x0/
d¼ 0.64.16 Considering that the experimentally measured
EC-QCL beam diameter on the coupling lens is w¼ 2.66mm,
which corresponds to the focused beam waist related to the
f-number of the coupling lens, using the expression, f#¼ pw/
2k. We can then estimate the required focal length, which can
provide low coupling loss conditions.15 The best f value result
was 44mm. Thus, in our experiments we employed an
f¼ 50mm coupling optics, which leads to a value of 2x0/
d 0.74, close to the optimal value. For this operating condi-
tion, the calculated am and gm coefficients for the first wave-
guide modes are listed in Table II.
Thus, for the optimum conditions, up to 92% of the
input laser light can be coupled into the waveguide with the
first HE11 Gaussian-like hybrid mode. The waveguide losses
for the HE11 mode are much lower than those for higher
order modes. Higher order modes rapidly vanish during their
propagation inside a HCW with an optimum fiber length. In
this case, only the low-loss HE11 mode survives, making it
possible to realize an essentially single mode output with a
Gaussian beam profile. By measuring the input and output
power values at the waveguide entrance and exit, respec-
tively, we calculated the total losses for the HCWs for differ-
ent fiber lengths. The values obtained, together with the
calculated theoretical losses (estimated by using Eq. (3)), are
plotted in Fig. 3.
From the slope of the linear fit, we estimated propaga-
tion losses of 2.11 dB/m, 20% higher than the expected value
1.69 dB/m. The intercept of the linear fit of the experimental
data yields the g1 coupling efficiency if one neglects the
small contribution to the coupling losses due to higher order
modes. We found that g1¼ 0.78, which is slightly less than
the theoretical value. Such discrepancies can be attributed to
fiber imperfections, fabrication, slight optical misalignments,
and the presence of scattering losses due to the roughness of
the internal fiber reflective coating.15 The corresponding far
field spatial intensity distribution at the waveguide exit is
shown in Fig. 4.
The measured profiles at k¼ 6.24 lm demonstrate that
for a Gaussian-like beam and optimal coupling conditions,
HCWs with bore sizes of 200 lm and fiber lengths of less
than 12 cm allow only the lowest order mode to overcome
the losses through the fiber, resulting in a single-mode output
beam at the exit. The output with best beam quality was
obtained with a fiber length L¼ 100 cm. It was possible to
obtain identical half-angle beam divergences in the x and y
directions hx¼ hy¼ 25.1 mrad, such that the input beam spa-
tial asymmetry is no longer visible. This value is in excellent
agreement with the theoretical half angle beam divergence
hTheo¼ 2.405k/(pd)¼ 23.9 mrad, calculated by assuming
that only the lowest-order mode propagates. Furthermore,
we calculated a M2¼ hx/hTheo¼ 1.05, close to a pure
Gaussian beam.
III. WAVEGUIDE COUPLING WITH A LOW QUALITY
LASER BEAM
The modal properties of the hollow fibers allow their
use in filtering out higher-order modes, which have higher
losses. Thus, if a poor quality laser beam is launched into a
HCW, it can be expected that the guide will filter or strongly
TABLE I. Divergence angles and M-squared values for the DLS QCL in
two orthogonal directions.
h (mrad) w0 k/(pw0) (mrad) M
2
x-direction 1.98 1.22 1.63 1.21
y-direction 1.88 1.20 1.65 1.14
TABLE II. Attenuation and coupling coefficients calculated under our ex-
perimental conditions.
am (1/m) gm
m¼ 1 0.195 0.92
m¼ 2 1.03 2.40 104
m¼ 3 2.53 1.29 103
m¼ 4 4.70 4.58 104
m¼ 5 7.54 2.12 104
FIG. 3. Total losses ( symbols) measured from the ratio between the out-
put and input powers while coupling the EC-QCL source in a hollow core
waveguide with different lengths. The solid line is the linear fit to the data.
The dashed line is the theoretical losses as a function of the fiber length cal-
culated using Eq. (3).
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attenuate the higher-order modes as the laser light propagates
through the fiber. For this case, the influence of the input
beam quality on the propagation losses and on the spatial
quality of the fiber output profile is difficult to model. Higher
optical losses will occur since the power coupled with
higher-order hybrid modes will be absorbed by the fiber. For
some applications, such as imaging,4 quartz-enhanced photo-
acoustic sensing,19–21 and cavity enhanced spectroscopy,22,23
it may be important to improve the beam quality to a
Gaussian output mode, even if the optical power is reduced.
Based on these considerations, we experimentally investi-
gated the waveguide output mode profile and corresponding
optical losses, when an input beam with poor spatial quality
is launched into the HCW. The experimental setup employed
for this analysis is similar to that shown in Fig. 1, except for
the laser source. A continuous-wave (CW), DFB quantum-
cascade lasers (Alpes Lasers) was used in an ILX mounting
(model LDM-4872) equipped with a water cooling system in
combination with a short focal lens for laser beam collima-
tion. The laser emission wavelength occurred at 6.24lm,
identical to that of the EC-QCL, with a maximum power
emission of 13 mW at 7 C. To perform a comparison with
the results reported above, it is important to employ beams
with the same emission wavelength, since the am attenuation
coefficients, and hence the propagation losses, are dependent
on the wavelength of the transmitted light.16,18 The beam
profile acquired at 2 cm from the QCL output facet is
shown in Fig. 5.
The QCL beam exhibits a poor spatial beam quality
along both axes. The far field optical power distribution is
characterized by two asymmetric lobes spaced by a node:
most of the available optical power (< 95%) is confined in
one lobe. The Mx
2¼ 3.54 and My2¼ 2.74 values were deter-
mined using the LabView code. For comparison with the
results obtained for the EC-QCL, we used the same coupling
conditions by employing the same optics (f¼ 50mm) and
fine-tuning the position of the fiber coupling lens in order to
obtain an identical beam size (2.66mm). The far field spa-
tial distributions of the fiber output beam, obtained at 2.0 cm
from the fiber end, for the 12 cm, 15 cm, and 50 cm-long
fibers are shown in Fig. 6.
An output beam with an excellent symmetric profile was
achieved when working with a fiber length of 50 cm. We
also verified that when the distance d between the waveguide
entrance and the coupling lens differs from the focal length
within the Rayleigh range zR¼px02/k 2.8mm, i.e.,
f zR< d< fþ zR, the output beam quality remained almost
unchanged. However, when d> fþ zR or d< f zR (i.e., if
the beam is not properly focused into the fiber), the output
beam quality decreases, showing spatial distortions of the
output beam and the M-squared values increase up to 20% of
the best value (i.e., when d¼ f). When d  fþ zR or
d 	 f zR, multimode propagation was observed with
related M-squared values of up to 3. By measuring the input
and output power values at the waveguide entrance and exit,
we calculated total losses of 1.89 dB for the HCW with
fiber length L¼ 12 cm, 2.14 dB for L¼ 15 cm and 4.46 for
L¼ 50 cm. With a 100 cm-long fiber, the optical output
power at the waveguide exit was too low and the beam pro-
file could not be measured accurately by the pyrocamera.
The measured losses significantly deviate from the theoreti-
cal ones, predicted by assuming a pure Gaussian beam
coupled at the waveguide entrance (see Fig. 3). The best
beam profile was obtained using the 50 cm-long fiber. For
this case, we estimated output divergence angles hx¼ 33.0
mrad and hy¼ 28.6 mrad, and correspondingly Mx2¼ 1.37
and My
2¼ 1.19. Thus, our results confirm that the spatial
quality of the laser beam can be improved by means of
HCW filtering and it is possible to obtain a Gaussian-like
spatial beam profile even if the input laser beam quality is
poor. The fiber length is a crucial parameter since the fiber
must be long enough to effectively absorb higher order
modes and hence obtain propagation of essentially the lowest
order mode and thus a nearly single mode output beam. This
is evident by observing the beam profiles acquired for both
the 12 cm and 15 cm-long fibers. A slight spatial distortion is
FIG. 4. 2D far field spatial intensity distribution measured upon exiting a
12 cm (a), 15 cm (b), 50 cm (c), 100 cm (d) long hollow core waveguides
with bore size of 200lm, coupled to a EC-QCL source. The beam profiles
were acquired by positioning the pyrocamera 2 cm away from the HCW
exit.
FIG. 5. Measured beam profile of the Alpes Lasers QCL by fixing the pyro-
camera 2 cm far from the QCL.
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visible and is due to the presence of high order modes that
are not completely quenched when using HCWs of length

15 cm. In Table III, we summarize the M2 results measured
for both EC-QCL and DFB QCL sources, at the input and
output of the HCW.
We also investigated the influence of fiber bending on
the waveguide performances, i.e., the beam quality and total
losses at different radii of curvature. For this analysis, we
selected the fiber having a length of 50 cm. The measure-
ments were made by keeping straight the two ends of the
fiber and bending a center part with a fixed length of 25 cm
to a uniform bending radius.15 In Fig. 7, we reported three
representative far field spatial beam profiles acquired at
beam radii of 7.52 cm, 12.2 cm, and 24.4 cm.
Bending losses, calculated by subtracting the straight
losses to the total ones, as a function of the inverse of radius
of curvature are also reported in Fig. 7(d) and increase line-
arly to 1/R, as expected.24 The essentially single mode
behavior is preserved with radii of curvature down to 7.5 cm
and bending losses up to 0.38 dB. This further demonstrates
the efficacy of employing HCW as a laser mode filter, even
when bending of the beam is required.
IV. CONCLUSIONS
This paper reported a novel method for absorbing high-
order mid-IR laser modes and provides effectively single
mode operation (i.e., the lowest order mode), even if lasers
with poor input beam quality are employed. Mode filtering is
realized by using HCW with bore size of 200 lm. The laser-
waveguide coupling conditions are crucial in determining
the quality of the fiber output beam and the optical losses. In
our experiments, the optical alignment was optimized to cou-
ple the input beam power into the first Gaussian-like wave-
guide mode, HE11. Such an approach also reduces the
coupling and propagation losses through the fiber. A bending
beam loss analysis demonstrates the possibility to perform
laser mode filtering even if waveguide curving becomes
FIG. 6. Measured far field spatial intensity distribution measured upon exit-
ing a 12 cm (a), 15 cm (b), and 50 cm (c) long hollow core waveguides with
a bore size of 200lm, coupled to an Alpes Lasers CW, DFB QCL source.
The beam profiles have been acquired by positioning the pyrocamera 2 cm
away from the HCW exit.
TABLE III. M-Squared values measured for EC-QCL and DFB-QCL at the
entrance and output of the HCW.
EC-QCL DFB-QCL
Input beam Output beam Input beam Output beam
Mx
2 1.21 1.05 3.54 1.37
My
2 1.14 1.05 2.74 1.19
FIG. 7. Output beam profiles acquired at 2 cm away for 50 cm-long HCW
coupled with Alpes Lasers CW, DFB, QCL with the coupling lens of
f¼ 50mm, when the HCW is bent to uniform bending radii of 24.4 cm (a),
12.2 cm (b), and 7.52 cm (c). (d) Measured bending losses plotted as a func-
tion of the radius of curvature.
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necessary for a specific application. Finally note that using
the 200 -lm core HCW, we recently demonstrate effectively
single-mode operation with mid-IR QCLs working in the
wavelength range 5.1–10.5 lm,15 thus good mode filtering
results can be expected over this entire wavelength range.
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